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%DWFKW\SHNLOQVDUHWKHWHFKQRORJ\WKDWZDVGHYHORSHGFHQWXULHVDJRWRSURGXFHRQHRIWKHILUVWFKDUFRDOIXHOV
7KH SURGXFWLRQPHWKRGZLWK GLIIHUHQW YDULDWLRQV KDVPRVWO\ EHHQ XVHG XS XQWLO WKH SUHVHQW 7KH LQWURGXFWLRQ RI
S\URO\VLV JDV UHFLUFXODWLRQ LQ WKH S\URO\VLV FKDPEHU WKXV VXSSO\LQJ WKH KHDW WKDW LV QHFHVVDU\ IRU WKH S\URO\VLV
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DWPRVSKHUHLVRQHRIWKHPRVWLPSRUWDQWXSGDWHVRIWKHWHFKQRORJ\7KHQH[WVWHSWKDWKDVEHHQWDNHQLVWUDQVLWLRQLQJ
IURPEDWFKW\SHSURGXFWLRQ WRFRQWLQXRXVSURGXFWLRQ&RQWLQXRXVFKDUFRDOSURGXFWLRQ UHWRUWV DUH D FRPSDUDWLYHO\
QHZ WHFKQRORJ\ &RQWLQXRXV UHWRUWV KDYH HQKDQFHG SURGXFWLYLW\ E\ WDNLQJ XS WKH VDPH VSDFH EXW XVLQJ LW
FRQWLQXRXVO\IRUFKDUFRDOSURGXFWLRQ,QWKHEDWFKW\SHNLOQVWKHLQSXWPDWHULDOLVLQWXUQKHDWHGDQGFDUERQL]HGDQG
WKHQWKHFKDUFRDOLVOHIWWRFRROIRUVRPHWLPH,QWKHFRQWLQXRXVUHWRUWVWKHLQSXWPDWHULDOLVLQVHUWHGIURPDERYHDQG
IDOOVRXWIURPWKHERWWRPLQWRWKHFRROLQJFKDPEHUDQGLVDXWRPDWLFDOO\FRQYH\HGWRSDFNDJHDQGVWRUDJHORFDWLRQV
7KHSURFHVVLVKLJKO\DXWRPDWHGWKXVVLJQLILFDQWO\LQFUHDVLQJWKHSRVVLELOLW\IRUSURFHVVFRQWURO
&KDUFRDOSURGXFWLRQLQDFRQWLQXRXVSURGXFWLRQUHWRUWZLWKWKH/DPELRWWHFDUERQL]DWLRQV\VWHPLVVWXGLHGLQWKLV
SDSHU7KHWHPSHUDWXUHPRQLWRULQJGDWDLVREWDLQHGDQGDQDO\]HGWRGHVFULEHWKHLQWHUQDOSURFHVVHVRIWKHUHWRUW7KH
UHVXOWVFDQEHXVHGLQSURFHVVPDWKHPDWLFDOPRGHOOLQJDQGLQFDOFXODWLRQVIRUWKHHQHUJ\EDODQFHHVWLPDWLRQ

1RPHQFODWXUH
7 HIIOXHQWS\URO\VLVJDVWHPSHUDWXUH&
7 JDVWHPSHUDWXUHEHIRUHWKHGU\LQJ]RQH&
7 KRWS\URO\VLVJDVWHPSHUDWXUH&
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0HWKRGRORJ\
2.1. Industrial experiment 
7KHLQGXVWULDOH[SHULPHQWWDNHVSODFHGXULQJWKHSURFHVVRIWKHIDFLOLW\¶VHQYLURQPHQWDOSHUIRUPDQFHHYDOXDWLRQ
7KHHQYLURQPHQWDOSHUIRUPDQFHUHVXOWVDUHGLVFXVVHGLQWKHVWXG\E\.ƺDYLƼD>@7KHH[SHULPHQWWDNHVSODFHDWD
UHDOOLIH LQGXVWULDO FKDUFRDO SURGXFWLRQ UHWRUWZLWK WKH SURFHVV RI FRQWLQXRXV FDUERQL]DWLRQRI FHOOXORVLFPDWHULDOV
LQLWLDOO\SDWHQWHGE\$XJXVWH/DPELRWWHLQ>@
7KHSHUPLWIRUSROOXWLQJDFWLYLWLHVQHHGHGIRUWKHGXUDWLRQRIWKHH[SHULPHQWLVDUUDQJHGEHIRUHKDQG7KHSHULRG
RIH[SHULPHQWDWLRQLVGD\V&KDUFRDOLVSURGXFHGIURPDPL[RIELUFKDQGDOGHUILUHZRRG'XULQJWKHFRXUVHRI
WKH H[SHULPHQW WKH LQLWLDO VWDJH FRQVLVWHG RI WKH SUHSDUDWLRQ RI WKH LQSXWPDWHULDO ± FOHDYLQJ RIZRRG ORJV DQG
GU\LQJ WKH ILUVW LQSXWSRUWLRQV7KH UHWRUWZDV VWDUWHG DQGZRUNHG DURXQGWKHFORFN WKHRQO\ H[FHSWLRQEHLQJ IRU
VHUYLFLQJ/LNHZLVH WKH LQSXWPDWHULDOGU\LQJZDVFRQWLQXHG WKURXJKRXW WKHH[SHULPHQW7KH WHFKQRORJ\ UHTXLUHV
UHJXODUIHHGPDWHULDODQGDV\PPHWULFDOPDWHULDOGLVWULEXWLRQLQWKHUHWRUWIRUWKHEHVWUHVXOWV,WLVHVVHQWLDOWRHQVXUH
WKDWWKHLQSXWPDWHULDOPRLVWXUHFRQWHQWGRHVQRWH[FHHG
$VFKHPDWLFUHSUHVHQWDWLRQRIWKHUHWRUWLVLOOXVWUDWHGLQ)LJ7KHVFKHPHGHVFULEHVWKHUHWRUWE\GLYLGLQJLWLQWR
WKUHH]RQHVLQWKHFKDUFRDOSURGXFWLRQSURFHVV±GU\LQJ]RQHFDUERQL]DWLRQ]RQHDQGWKHFRROLQJ]RQH7KHVHWKUHH
]RQHVDUH LQGHWHUPLQDWHDV WKHLQSXWPDWHULDO LV LQVHUWHGIURPWKH WRSZLWKDVNLSFRQYH\RUDQGPRYHVIURPRQH
]RQH WR WKH QH[W E\ IUHH JUDYLWDWLRQDO SXOO 7KH UHWRUW LV P KLJK ZLWK WKH YROXPH RI P DQG KDV WKH
HVWLPDWHGSURGXFWLRQRIWRQVRIFKDUFRDOSHU\HDU>@
 
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
)LJ6FKHPDWLFVRIWKHLQGXVWULDOFKDUFRDOSURGXFWLRQUHWRUW
7KHORFDWLRQVRIWKHWHPSHUDWXUHPHDVXUHPHQWVWKDWDUHUHJLVWHUHGLQWKHSODQWFRQWUROSDQHODUHLQGLFDWHGLQ)LJ
ZLWKWKHFDSLWDOOHWWHU77HPSHUDWXUHPHDVXUHPHQWVDUHUHJLVWHUHGDWHDFKWKHUPRFRXSOHORFDWLRQDOOWKURXJKRXWWKH
H[SHULPHQWZLWKDRQHPLQXWHWLPHVWHS7KHFROOHFWHGGDWDLVUHWULHYHGDIWHUWKHH[SHULPHQWWLPHSHULRGZKHQWKH
UHWRUWLVVKXWGRZQ3DUDOOHOWRWKHWHPSHUDWXUHPHDVXUHPHQWVWKHRXWSXWFKDUFRDOSURGXFWLRQTXDOLW\LVVWXGLHG7KH
UHVXOWVRIWKHFKDUFRDOTXDOLW\DQDO\VLVDUHGLVFXVVHGLQWKHSDSHUE\.ƺDYLƼD>@
2.2. Data analysis 
7KHGDWDDQDO\VLV LVSHUIRUPHGXVLQJ0LFURVRIW([FHO DQG6WDWJUDSKLFV&HQWXULRQ VWDWLVWLFDOGDWD DQDO\VLV WRRO
7KHGDWDDQDO\VLVLVSHUIRUPHGVHSDUDWHO\IRUGLIIHUHQWFKDUFRDOSURGXFWLRQSURFHVV]RQHV)LUVWWKHGU\LQJ]RQHLV
DQDO\]HG7KHFKDUDFWHULVWLFWHPSHUDWXUHVRIWKLV]RQHFDQEHXVHGLQRUGHUWRHVWLPDWHWKHDPRXQWRIHQHUJ\VSHQW
IRUWKHLQSXWELRPDVVGU\LQJ7KHWHPSHUDWXUHPHDVXUHPHQWV7DQG7VHH)LJGHVFULEHWKLVSDUWRIWKHSURFHVV
/LNHZLVHWKHDQDO\VLVRIWKHFRROLQJ]RQHLVSHUIRUPHGDQDO\]LQJWKHWHPSHUDWXUHGDWD7DQG7VHH)LJ,Q
WKLVFDVHWKHWHPSHUDWXUHVFDQEHXVHGWRHVWLPDWHWKHKHDWHPLWWHGIURPWKHFRROLQJ]RQHDQGSRWHQWLDOO\XWLOL]HG
7KHVWDELOLW\RIWKHFDUERQL]DWLRQWHPSHUDWXUHV7DQG7GXULQJWKHFRDOSURGXFWLRQSURFHVVLVDQDO\]HG
5HVXOWVDQG'LVFXVVLRQ
3.1. Drying zone 

'XULQJ WKH H[SHULPHQWV HQRXJK GDWD ZDV FROOHFWHG LQ RUGHU WR SHUIRUP D VWDWLVWLFDO DQDO\VLV )OXH JDV LQSXW
WHPSHUDWXUH7DQGHIIOXHQWWHPSHUDWXUH7DQGWHPSHUDWXUHGLIIHUHQFH7±7DQDO\VLVLVVKRZQLQWKHIROORZLQJ
WDEOHVDQGILJXUHV)UHTXHQF\WDEXODWLRQLVPDGHE\GLYLGLQJWKHPHDVXUHGUDQJHRI7LQWRHTXDOZLGWKLQWHUYDOV
DQGFRXQWLQJWKHQXPEHURIGDWDYDOXHVLQHDFKRIWKHLQWHUYDOV%R[DQG:KLVNHUSORWLVDOVRFUHDWHGIRUWKHVHGDWD
7KHWHPSHUDWXUH7KDVPHDVXUHGGDWDSRLQWVZLWKWKHWHPSHUDWXUHYDULDELOLW\IURPWR&
 Krista Klavina et al. /  Energy Procedia  95 ( 2016 )  208 – 215 211

&ƌ
ĞƋ
ƵĞ
ŶĐ
Ǉ

 D E
)LJD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,Q)LJDLWFDQEHVHHQWKDWRIZRUNLQJWHPSHUDWXUHVZHUHEHWZHHQι&DQGι&0RUHVSHFLILF
YDOXHV FDQ EH VHHQ LQ WKH KLVWRJUDP LQ )LJ  E 7KH KLVWRJUDP VKRZV WKH QXPEHU RI GDWD YDOXHV LQ HDFK
WHPSHUDWXUHLQWHUYDO7KLV W\SHRIDQDO\VLVLVGRQHEHFDXVHRIWKHODUJHDPRXQWRIGDWDZLWKLQDZLGHWHPSHUDWXUH
UDQJH %R[DQG:KLVNHU SORW GHVFULEHV WKH ZKROH GDWD UDQJH DQG WKH PRVW IUHTXHQW YDOXHV 7KH PRVW IUHTXHQW
WHPSHUDWXUHYDOXHVWKDWLVWKHRIWKHZRUNLQJWHPSHUDWXUHVDUHGHVFULEHGLQ7DEOH
7DEOH)UHTXHQF\WDEXODWLRQIRUVXSSO\KRWJDVWHPSHUDWXUHV7
/RZHU/LPLW& 8SSHU/LPLW& 0LGSRLQW& )UHTXHQF\& 5HODWLYH)UHTXHQF\
    
    
    
    
    
    
    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
,QWKHDQDO\]HGWHPSHUDWXUHV7WKHPHDQRIWKHPRVWIUHTXHQWWHPSHUDWXUHVLVGHWHUPLQHGWREH&ZLWK
WKH6WDQGDUGGHYLDWLRQRI&
7KH VDPH SURFHVV LV XQGHUJRQH IRU WKH WHPSHUDWXUH RI WKH HIIOXHQW V\QJDV DIWHU WKH GU\LQJ ]RQH 7 7KH
WHPSHUDWXUH7KDVPHDVXUHGGDWDSRLQWVUDQJLQJIURPWR&7KHUHVXOWVDUHGHVFULEHGLQ)LJ

 
 D E
)LJD%R[DQG:KLVNHUSORWIRUHIIOXHQWS\URO\VLVJDVWHPSHUDWXUH7E)UHTXHQF\KLVWRJUDPIRU7
,WLVYLVLEOHLQ)LJDDQGEWKDWWKHPRVWIUHTXHQWWHPSHUDWXUHYDOXHVIDOOLQWKHUDQJHIURPWR&%DVHG
RQWKLVDQDO\VLVWKHIUHTXHQF\WDEXODWLRQIRUWKHPRVWIUHTXHQWGDWDIDOOLQJLQWKHPDUJLQLVGHVFULEHGLQ7DEOH
 
212   Krista Klavina et al. /  Energy Procedia  95 ( 2016 )  208 – 215 
7DEOH)UHTXHQF\WDEXODWLRQIRUVXSSO\KRWJDVWHPSHUDWXUHV7
/RZHU/LPLW& 8SSHU/LPLW& 0LGSRLQW& )UHTXHQF\& 5HODWLYH)UHTXHQF\
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
,QWKHDQDO\]HGWHPSHUDWXUHV7WKHPHDQRIWKHPRVWIUHTXHQWWHPSHUDWXUHVLVGHWHUPLQHGWREH&ZLWK
WKH6WDQGDUGGHYLDWLRQRI&
1H[WWKH6WDWLVWLFDODQDO\VLVLVSHUIRUPHGIRUWKHWHPSHUDWXUHGLIIHUHQFHEHWZHHQWKHKRWS\URO\VLVJDVEHIRUHWKH
GU\LQJ]RQHDQGWKHHIIOXHQWS\URO\VLVJDVDIWHUWKHGU\LQJ]RQH7±77KHPRVWIUHTXHQWWHPSHUDWXUHGLIIHUHQFH
LQFOXGLQJWKHPLGSRLQWLVHVWLPDWHGWKHQWKHVHFRQGPRVWIUHTXHQWWHPSHUDWXUHGLIIHUHQFHHWF
7DEOH0RUHWKDQIUHTXHQWO\REVHUYHGWHPSHUDWXUHGLIIHUHQFHRI7±7
7HPSHUDWXUHGLIIHUHQFH77ι& 5HODWLYH)UHTXHQF\
 
 
 
 
 
 
 
0LGSRLQW  7RWDO 

)URPWKLVDQDO\VLVLWFDQEHFRQFOXGHGWKDWPRVWIUHTXHQWGLIIHUHQFHRUGHOWD7±7LVLQWKHUDQJHIURP&
WR  & ZLWK WKH PLGSRLQW RI  & 7KH PLGSRLQW WHPSHUDWXUH GLIIHUHQFH ZDV REVHUYHG KDOI RI WKH
PHDVXUHPHQWWLPH7KHPRVWIUHTXHQWGLIIHUHQFH&LVDGYLVHGWREHVHOHFWHGIRUWKHFDOFXODWLRQRIWKHDPRXQW
RIHQHUJ\QHHGHGIRUWKHLQVHUWHGELRPDVVGU\LQJDQGKHDWLQJ
3.2. Cooling zone 
$OLNHZLVHDQDO\VLVLVSHUIRUPHGIRUWKHKRWV\QJDVWHPSHUDWXUH7DQGWKHFRROHGV\QJDVWHPSHUDWXUH7DQG
WKH WHPSHUDWXUHGLIIHUHQFH777KHUH DUH WHPSHUDWXUH7GDWDSRLQWV UHJLVWHUHGZLWK WKHYDOXHV UDQJLQJ
IURP  WR  & 7KH IROORZLQJ LPDJHV LQ )LJ  GHVFULEH WKH UHVXOWV RI WKH 6WDWLVWLFDO DQDO\VLV RI WKH
WHPSHUDWXUH7
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E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7HPSHUDWXUH&
          
7HPSHUDWXUH&
)U
HT
XH
QF
\
          







 Krista Klavina et al. /  Energy Procedia  95 ( 2016 )  208 – 215 213
7KH%R[DQG:KLVNHUVSORWLQ)LJDUHYHDOVWKDWRIWKHUHJLVWHUHGWHPSHUDWXUHVIDOOLQWKHUDQJHIURP
WR&7DEOHGLVSOD\VWKHIUHTXHQF\WDEXODWLRQDGGUHVVHGLQWKHIUHTXHQF\KLVWRJUDPLQ)LJE
7DEOH)UHTXHQF\WDEXODWLRQIRUVXSSO\KRWJDVWHPSHUDWXUHV7
/RZHU/LPLW& 8SSHU/LPLW& 0LGSRLQW& )UHTXHQF\& 5HODWLYH)UHTXHQF\
    
    
    
    
    
    
    
    
    
    
    

,QWKHDQDO\]HGWHPSHUDWXUHV7WKHPHDQRIWKHPRVWIUHTXHQWWHPSHUDWXUHVLVGHWHUPLQHGWREH&ZLWK
WKH6WDQGDUGGHYLDWLRQRI&
:KHQDQDO\]LQJ7WKHFRROHGS\URO\VLVJDVWHPSHUDWXUHUHJLVWHUHGGDWDSRLQWVZHUHVHOHFWHG7KHVHOHFWHG
YDOXHVYDU\EHWZHHQWR&7KHWHPSHUDWXUHYDOXHIUHTXHQF\GLVWULEXWLRQLVYLVLEOHLQ)LJ
 
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D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E
)LJD%R[DQG:KLVNHUSORWIRUWKHFRROHGS\URO\VLVJDVWHPSHUDWXUH7E)UHTXHQF\KLVWRJUDPIRU7
7KH IUHTXHQF\ WDEXODWLRQ LQ7DEOH VKRZV WKHFRROHGS\URO\VLVJDV WHPSHUDWXUH7DVGHVFULEHG LQ)LJ E
ZLWKWKHFRUUHVSRQGLQJYDOXHV
7DEOH)UHTXHQF\WDEXODWLRQIRUWKHFRROHGS\URO\VLVJDVWHPSHUDWXUHV7
/RZHU/LPLW& 8SSHU/LPLW& 0LGSRLQW& )UHTXHQF\& 5HODWLYH)UHTXHQF\
    
    
    
    
    
    

7KHDQDO\VLVUHYHDOVWKHPHDQIRUWKHFRROHGS\URO\VLVJDVWHPSHUDWXUHWREH&ZLWKWKH6WDQGDUGGHYLDWLRQ
RI&
7KHKRWDQGFRROHGS\URO\VLVJDV WHPSHUDWXUHGLIIHUHQFH77LVGHVFULEHGZLWKWKHPRVWIUHTXHQWDQGWKHQ
WKH VHFRQGPRVW IUHTXHQW WHPSHUDWXUH GLIIHUHQFH WKH HVWLPDWH LQFOXGHV WKH PLGSRLQWV 7KH UHVXOWV DUH YLVLEOH LQ
7DEOH
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7DEOH0RUHWKDQIUHTXHQWO\REVHUYHGWHPSHUDWXUHGLIIHUHQFHRI77
7HPSHUDWXUHGLIIHUHQFH77ͼ& 5HODWLYH)UHTXHQF\
 
 
 
 
 
 
0LGSRLQW  7RWDO 

7KLVDQDO\VLVGHVFULEHG LQ7DEOH LQGLFDWHV WKDW WKHPRVW IUHTXHQW WHPSHUDWXUH7DQG7GLIIHUHQFH LV LQ WKH
LQWHUYDO IURP  WR  & ZLWK WKH PLGSRLQW  & ZKLFK FDQ EH REVHUYHG PRUH WKDQ KDOI RI WKH
PHDVXUHPHQWWLPHSHULRGZKLOHWKHPRVWIUHTXHQWWHPSHUDWXUHGLIIHUHQFHLV&
3.3. Carbonization zone 
7KH DQDO\VLV RI WKH FROOHFWHG&DUERQL]DWLRQ ]RQH WHPSHUDWXUHPHDVXUHPHQW GDWD VKRZV WKDW WKH FDUERQL]DWLRQ
]RQHWHPSHUDWXUHVLQWKHWRSSDUW7UDQJHIURPWR&DQGIURPWR&7LQWKHERWWRP
SDUW,QWRWDOGDWDSRLQWVDUHUHJLVWHUHGIRU7DQGIRU77KHIROORZLQJLPDJHVGHVFULEHWKHUHVXOWVRI
WKH6WDWLVWLFDODQDO\VLVRIWKHWHPSHUDWXUHV7DQG7

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
)LJD%R[DQG:KLVNHUSORWIRUWKHFDUERQL]DWLRQXSSHUSDUWWHPSHUDWXUH7E)UHTXHQF\KLVWRJUDPIRU7
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E)UHTXHQF\KLVWRJUDPIRU7
$VLQGLFDWHGLQWKH)LJDQG)LJWKHPLGSRLQWWHPSHUDWXUHRQWKHWRSRIWKHFDUERQL]DWLRQOD\HU7LV&
ZKLOHRQWKHERWWRPSDUWRIWKHFDUERQL]DWLRQOD\HUWKHPLGSRLQWWHPSHUDWXUH7LV&PHDQLQJWKDWWKURXJK
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WKH RYHUDOO FDUERQL]DWLRQ SURFHVV WKH WHPSHUDWXUHV DUH TXLWH VWDEOH WKH WRS DQG WKH ERWWRP KDYLQJ DQ LQVLJQLILFDQW
GLIIHUHQFH7KURXJKRXWWKHS\URO\VLVSURFHVVWHPSHUDWXUHDUUDQJHPHQWFDQEHFRQVLGHUHGVWDEOH
&RQFOXVLRQ
7KHVWXG\RIWKHLQGXVWULDOFKDUFRDOSURGXFWLRQIDFLOLW\LQSDUWLFXODUWKHWHPSHUDWXUHVLQWKHWKUHHUHODWLYHSDUWVRI
WKH UHWRUW ± WKH GU\LQJ ]RQH FDUERQL]DWLRQ ]RQH DQG WKH FRROLQJ ]RQH KDV UHWXUQHG D ODUJH DPRXQW RI WHPSHUDWXUH
PHDVXUHPHQWGDWDWKDWLVSURFHVVHGXVLQJWKHVWDWLVWLFDODQDO\VLVPHWKRG7KHLQDQGRXWWHPSHUDWXUHRIWKHGU\LQJ]RQH
GLVSOD\VWKHPLGSRLQWWHPSHUDWXUHGLIIHUHQFHRI&ZKLOHWKHLQDQGRXWWHPSHUDWXUHGLIIHUHQFHRIWKHFRROLQJ
]RQHKDVWKHPLGSRLQW¨7RI&7KHFDUERQL]DWLRQOD\HUVKRZVDVWDEOHWHPSHUDWXUHRIWR&7KH
UHWULHYHGWHPSHUDWXUHGDWDFDQEHXVHGDVDQLQSXWLQS\URO\VLVPRGHOOLQJ)XUWKHUVWXGLHVVKRXOGEHSHUIRUPHGIRURWKHU
FHOOXORVLFPDWHULDOS\URO\VLVVXFKDVFRQLIHURXVJUHHQHU\DVWKLVLVDPDWHULDODPSO\DYDLODEOHLQWKH%DOWLF6WDWHVEXWWKH
OHDVW XWLOL]HG >@ $GGLWLRQDO VWXGLHV VKRXOG EH SHUIRUPHG LQ WKH ELRHFRQRP\ ILHOG DV FKDUFRDO LV RQO\ RQH RI WKH
ELRHFRQRP\SURGXFWVJLYLQJKLJKHUYDOXHDGGHGWKDQWKHPDUNHWLQJRIUDZPDWHULDOV)RUH[DPSOHWKHZRRGHQELRPDVV
FDQDOVREHXVHGDVDVRXUFHRIIXUIXUDO>@
$FNQRZOHGJHPHQWV
7KHZRUNKDVEHHQVXSSRUWHGE\WKH1DWLRQDO5HVHDUFK3URJUDP³(QHUJ\HIILFLHQWDQGORZFDUERQVROXWLRQVIRUD
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